1. Introduction {#sec1}
===============

As a functional amino acid, leucine may regulate many important physiological functions, including protein and energy metabolism, cell proliferation and apoptosis, in different tissues and cells ([@bib24], [@bib42], [@bib4], [@bib41], [@bib39]). Recently, the effect of leucine on gut function has gradually been focused ([@bib45], [@bib32], [@bib9]). In our recent studies, leucine treatment can increase the expression of some specific proteins in LS174T cells ([@bib20]), and dietary leucine supplementation can improve intestinal morphology, and alleviate the mucosal dysfunction of weaned pigs challenged by porcine rotavirus (PRV) ([@bib21]).

In mammalian tissues and cells, leucine not only acts as the supply of substrate and energy for functional protein synthesis, and it also regulates some physiological functions by affecting intracellular signaling pathways, such as mammalian target of rapamycin (mTOR), adenosine 5′-monophosphate-activated protein kinase (AMPK) and extracellular regulated protein kinases (ERK) signaling pathway ([@bib45], [@bib32], [@bib5], [@bib25]). The previous studies have shown that, by the proteomic or phospho-proteomic approach with two-dimensional polyacrylamide gel electrophoresis (2D-PAGE), leucine supplementation regulates energy metabolism in human duodenal mucosa, and leucine deprivation affects the phosphorylation of translation-relative factors in muscle cells ([@bib9], [@bib37]). However, these cannot completely explain our previous results that leucine supplementation can alleviate the mucosal dysfunction of weaned pigs challenged by PRV.

The porcine intestinal epithelial cell line (IPEC-J2), as a non-transformed intestinal cell line originally derived from jejunal epithelium of the neonatal piglet ([@bib34]), maintains some native characteristics including the expression of structural and functional proteins ([@bib22], [@bib43]). The IPEC-J2 cells have often been utilized as the *in vitro* model to investigate the effect of nutrients on the intestinal function.

Therefore, the present study was conducted to determine the key proteins and cell pathways related to leucine treatment in IPEC-J2 cells through the proteomic approach with isobaric tags for relative and absolute quantitation (iTRAQ).

2. Material and methods {#sec2}
=======================

2.1. Cell culture and treatment {#sec2.1}
-------------------------------

The porcine intestinal epithelial cell line (originally derived from jejunal epithelium of the neonatal piglet) was kindly provided by Professor Guoyao Wu (Texas A&M University, USA). Cell monolayers were cultured in plates at a humidified atmosphere with 5% CO~2~ at 37 °C. Standard media for feeding cells consisted of Dulbecco\'s Modified Eagle\'s Medium/F12 (DMEM/F12, Hyclone Laboratories Inc., Logan, UT, USA), 5% fetal calf serum (Gibco Laboratories Life Technologies Inc., Grand Island, NY, USA), 1% insulin/transferrin/sodium selenite (Invitrogen Corp., Carlsbad, CA, USA), 5 ng/mL epidermal growth factor (Invitrogen Corp., Carlsbad, CA, USA), and antibiotics (100 units/mL penicillin and 100 μg/mL streptomycin; Hyclone Laboratories Inc., Logan, UT, USA). After cells were grown to 90% confluence, they were starved for 12 h in DMEM/F12 media. Then, cells were treated with 5 mmol/L L-leucine for 2 h, and then collected for proteomics assay.

2.2. Proteomics assays of IPEC-J2 cells {#sec2.2}
---------------------------------------

Protein extraction in IPEC-J2 cells was conducted as described previously with some modification ([@bib48]). The collected IPEC-J2 cells were dissolved in the lysis buffer (8 mol/L urea, 30 mmol/L 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid, 1 mmol/L phenylmethanesulfonyl fluoride, 2 mmol/L ethylenediaminetetraacetic acid and 10 mmol/L DL-dithiothreitol \[DTT\]) with sonication. Following centrifugation at 20,000 × *g* for 30 min, the protein in the supernatant was reduced (10 mmol/L DTT, 56 °C for 60 min), alkylated (55 mmol/L iodoacetamide, room temperature for 45 min), and precipitated by precooled acetone at −20 °C for 30 min. After centrifugation at 20,000 × *g* for 30 min, the pellet was dissolved in 0.5 mol/L triethylamine borane buffer with 0.1% sodium dodecyl sulfate with sonication, and then centrifuged at 20,000 × *g* for 30 min. The supernatant was used for digestion. The protein concentration was determined by the Bradford assay.

Protein digestion, iTRAQ labeling, and labeled peptide analysis of strong cation exchange fractionation and reverse-phase nano-liquid chromatography/tandem mass spectrometer were conducted as described previously with some modification ([@bib48]).

For protein identification, the data files of each fraction were combined together to perform searching against Uniprot *sus scrofa* protein database. Only unique peptides were contained for iTRAQ labeling quantification, and peptides with global false discovery rate values from fit less than 1% were considered for further analysis. And then, bioinformatics analysis (gene ontology \[GO\] and Kyoto Encyclopedia of Genes and Genomes \[KEGG\]) was conducted as described previously ([@bib30]).

2.3. Western blot analysis {#sec2.3}
--------------------------

The antibody against pyruvate kinase (PYK), glyceraldehyde-3-phosphate dehydrogenase (GAPDH), E3 ubiquitin ligase (ITCH), cathepsin D, caspase 3, eukaryotic translation initiation factor 4A (eIF4A), ubiquitin carboxyl-terminal hydrolase (USP19), urokinase plasminogen activator (PLAU), 5-methylcytosine binding domain 4 (MBD4), α-tubulin (TUBA), Ras homolog D (RhoD), cofilin and β-actin were purchased from Cell Signaling (Davers, MA, USA), Abcam (Cambridge, MA, USA), Invitrogen Corp. (Carlsbad, CA, USA), LifeSpan BioSciences (Seattle, WA, USA) and Santa Cruz Biotechnology Inc. (Santa Cruz, CA, USA), respectively. Protein levels for the PYK, GAPDH, ITCH, cathepsin D, caspase 3, eIF4A, USP19, PLAU, MBD4, TUBA, RhoD, cofilin and β-actin in IPEC-J2 cells were determined by Western Blot analysis as described previously ([@bib25], [@bib23]).

2.4. Statistical analysis {#sec2.4}
-------------------------

Within the iTRAQ analysis, differentially expressed proteins were determined based on the ratios of differently labeled proteins and *P*-values provided by Protein Pilot. Compared with the control group, proteins with values of *P* \< 0.05 and changes of ≥1.2-fold were considered as significant differences. The data of Western Blot analysis were analyzed with unpaired *t*-test by SAS (version 8.1; SAS institute, Cary, NC, USA), and were indicated as means with their standard errors. *P* \< 0.05 was considered statistically significant.

3. Results {#sec3}
==========

A total number of 3,211 proteins were identified and quantified in this study by searching the database of Uniprot *sus scrofa*. Among these identified proteins, there were 101 proteins shown ≥1.2-fold difference between control and leucine group (*P* \< 0.05). Compared with control group, there were 50 up-regulated proteins and 51 down-regulated proteins in leucine group. Based on the GO enrichment analysis, the differentially expressed proteins in IPEC-J2 cells were mainly involved into 15 biological processes, 9 cellular components, and 6 molecular functions ([Fig. 1](#fig1){ref-type="fig"}).Fig. 1Gene ontology (GO) classification of the differentially expressed proteins related (A) biological process, (B) cellular component and (C) molecular function in IPEC-J2 cells treated by leucine.

In addition, on the basis of pathways (KEGG) analysis, compared with the control group, a total of 21 differentially expressed pathway proteins showed ≥ 1.2-fold changes in leucine group (*P* \< 0.05). More concretely, L-leucine treatment inhibited the expressions of PYK, GAPDH, ITCH, cathepsin D, caspase 3 and caspase 6, and increased the levels of proteins including some eukaryotic translation initiation factors (eIF1, eIF4A and eIF2B), USP19, DNA-related RNA polymerase II (Pol II), PLAU, cyclin-dependent kinase inhibitor 2b (p15INK4b), MutL homolog 1 (MLH1), MBD4, polymerase δ (Pol δ), TUBA, syntaxin 18 (Stx18), RhoD, actin related protein 2/3 complex (Arp2/3), and cofilin in IPEC-J2 cells. These proteins were primarily related to some physiological functions, such as cell proliferation, protein synthesis, proteolysis, glycolysis, apoptosis and phagocytosis ([Fig. 2](#fig2){ref-type="fig"}).Fig. 2Analysis of cell signaling pathways regulated by leucine treatment in IPEC-J2 cells were summarized from Kyoto Encyclopedia of Genes and Genomes database. PYK = pyruvate kinase; GAPDH = glyceraldehyde-3-phosphate dehydrogenase; ITCH = E3 ubiquitin ligase; eIF1 = eukaryotic translation initiation factor 1; eIF4A = eukaryotic translation initiation factor 4A; eIF2B = eukaryotic translation initiation factor 2B; USP19 = ubiquitin carboxyl-terminal hydrolase; Pol II = DNA-related RNA polymerase II; PLAU = urokinase plasminogen activator; p15INK4b = cyclin-dependent kinase inhibitor 2b; MLH1 = MutL homolog 1; MBD4 = 5-methylcytosine binding domain 4; Pol δ = polymerase δ; TUBA = α-tubulin; Stx18 = syntaxin 18; RhoD = Ras homolog D; Arp2/3 = actin related protein 2/3 complex.

By Western Blot analysis, we measured the expressions of some key proteins that were affected by L-leucine treatment in IPEC-J2 cells. Following L-leucine treatment, the expressions of PYK, GAPDH, ITCH, cathepsin D and caspase 3 were inhibited (*P* \< 0.05, [Fig. 3](#fig3){ref-type="fig"}), and the expressions of eIF4A, USP19, MBD4, PLAU, TUBA, cofilin and RhoD were stimulated (*P* \< 0.05, [Fig. 3](#fig3){ref-type="fig"}).Fig. 3The expressions of some key proteins affected by L-leucine treatment in IPEC-J2 cells. Representative western blots for these proteins in IPEC-J2 cells were shown. Results were expressed as the amount of these proteins to β-actin in each treatment as a ratio of L-leucine treatment to control. Values are means ± SE; *n* = 6. Values with different letters are significantly different (*P* \< 0.05). PYK = pyruvate kinase; GAPDH = glyceraldehyde-3-phosphate dehydrogenase; ITCH = E3 ubiquitin ligase; eIF4A = eukaryotic translation initiation factor 4A; USP19 = ubiquitin carboxyl-terminal hydrolase; PLAU = urokinase plasminogen activator; MBD4 = 5-methylcytosine binding domain 4; TUBA = α-tubulin; RhoD = Ras homolog D.

4. Discussion {#sec4}
=============

Intestinal epithelial cells may not only absorb kinds of nutrients, but also prevent the incursion of gut luminal hostile environment, including pathogens, as the first defense line of body. Thus, the functions of epithelial cells are critical for the health of animal and human. However, leucine could affect the gut function. Our previous studies have shown that leucine may alleviate the rotavirus-induced diarrhea via improving the intestinal mucosal barrier in piglets, and regulate the production of specific proteins, such as mucin 2, through stimulating phosphoinositide 3-kinase-protein kinase B-mTOR (PI3K-Akt-mTOR) signaling pathway in piglets and human colon epithelial cells ([@bib21], [@bib20]). In addition, leucine treatment can also regulate the fatty acid β-oxidation in human duodenal mucosa ([@bib9]), increase the mRNA relative expression of several defensins in IPEC-J2 cells ([@bib32]), and improve the ASCT2 amino acid transporter expression in IPEC-J2 cells via regulating PI3K-Akt-mTOR and ERK signaling pathways ([@bib45]). The present study showed that, in IPEC-J2 cells, leucine could affect the expression of 21 proteins that were related to cell proliferation, apoptosis, protein metabolism, glycolysis and phagocytosis by using proteome analysis.

Many studies have shown that leucine treatment can increase the protein synthesis in different tissues and cells, which could be derived from stimulation of the intracellular translation initiation and elongation via regulating eIF4E, eIF2α, eIF2B and eEF2 ([@bib5], [@bib28], [@bib36]). However, leucine deprivation also decreases the phosphorylation of eIF4B in C2C12 myoblasts by the phospho-proteomic analysis ([@bib37]). In addition, eIF1 plays a central role in ensuring the fidelity of codon selection start ([@bib15]), and eIF2B maintains eIF2 recycling and translation initiation rates ([@bib16]), and eIF4A, the component of eIF4F, plays a role in delivery of RNA helicase to the 5′ region ([@bib8]). These factors directly regulate the translation initiation of protein synthesis. Through the proteome analysis, this study also showed that leucine treatment increased eIF1, eIF2B, and eIF4A expression in IPEC-J2 cells.

Besides protein synthesis, leucine treatment can also decrease the proteolysis in tissues and cells, especially skeletal muscles, which was mainly regulated by ubiquitin-proteasome signaling pathway ([@bib27], [@bib33]). Ubiquitin carboxyl-terminal hydrolase, known as a kind of ubiquitin carboxyl-terminal hydrolase, can remove ubiquitin conjugates from substrates and disassemble them ([@bib18]). E3 ubiquitin ligase, a novel E3 ubiquitin-protein ligase, is responsible for recognizing substrate and promoting ubiquitin ligation to substrate ([@bib31]). In this study, leucine supplementation could enhance the USP19 expression, and reduce the ITCH expression in IPEC-J2 cells, which further demonstrated that leucine inhibited the proteolysis by regulating ubiquitin-proteasome signaling pathway.

MutL homolog 1, one of the MutL homologs, plays a role in nuclear mismatch repair through combination with the other MutL homologs ([@bib3]). 5-methylcytosine binding domain 4, also known as MED1, is a novel DNA repair protein, and acts as a mismatch-specific glycosylase, which can interact with MLH1 ([@bib29]). Polymerase δ is the key enzyme that plays a critical role in the elongation of both the leading and lagging strands of DNA, and regulates DNA mismatch repair ([@bib19]). Our study showed that leucine increased expressions of MLH1, MBD4 and Pol δ, which could lead to the improvement of DNA repair. DNA-related RNA polymerase II can inhibit indirectly the transcription repression by recruiting factors that modify chromatin structures and interacting with components of the transcription machinery, and may modulate transcription of epithelial cells ([@bib11]). DNA-related RNA polymerase II was up-expressed by leucine treatment, which could enhance the transcription in IPEC-J2. In addition, PLAU has been implicated in remodeling of the extracellular matrix, enhancing cell proliferation and migration, and modulating cell adhesion ([@bib6]). The p15INK4b, one of the cyclin-dependent kinase inhibitors, modulates cell growth via the change in cell-ECM contact and the increase in G0/G1 ([@bib40]). Leucine could also increase the levers of PLAU and p15INK4b in IPEC-J2 cells. Thus, recent studies have shown that leucine supplementation or deprivation regulates cell proliferation in different tissues (including gut), which could be derived from leucine affecting the expressions of these proteins.

Cathepsin D, a soluble lysosomal aspartic endopeptidase synthesized in rough endoplasmic reticulum, cleaves and activates BH3 interacting domain death agonist, and causes mitochondrial dysfunction, which will further stimulate caspases ([@bib1], [@bib2], [@bib17]). This is the classic caspase-dependent pathways of apoptosis. Moreover, GAPDH can also regulate the apoptosis ([@bib35]). In the present study, leucine treatment could decrease the expressions of cathepsin D, caspase 3, capase 6 and GAPDH, which demonstrated that leucine inhibited the apoptosis in IPEC-J2 cells. [@bib39] reported that dietary leucine supplementation may attenuate apoptosis in tumour-bearing rats. In addition, our previous study has shown that dietary leucine supplementation may improve the effects of rotavirus infection on mucosal morphology and goblet cell numbers in the jejunal mucosa of pigs ([@bib21]), which can be relative to leucine improving cell proliferation and apoptosis via regulating the related-protein expression.

The GAPDH and PYK are the key enzymes of glycolysis. The GAPDH catalyzes the oxidative phosphorylation of glyceraldehyde 3-phosphate to 1,3-diphosphoglycerate ([@bib35]), and PYK is to catalyze the transphosphorylation from phosphoenolpyruvate to ADP as the last step of glycolysis ([@bib14]). In this study, GAPDH and PYK in IPEC-J2 cells were decreased by leucine, which illustrated that glycolysis was reduced, and energy derived from carbohydrate was decreased. Thus, supplementing leucine in the media changed the energy metabolism and utilization of IPEC-J2 cells.

Actin related protein 2/3 complex is the only known nucleator of branched F-actin filaments, and plays essential roles in vesicle trafficking ([@bib46]). Loss of Arp2/3 complex activity resulted in unexpected phenotypes of the intestinal epithelium, including tight junction defects ([@bib47]). RhoD partially coordinates Arp2/3-dependent mechanism to control the actin filament system ([@bib7]). Cofilin has a central role for controlling actin dynamics by regulating actin polymerization and depolymerization, as well as by inducing dendritic nucleation, which is required for the early polymerization response to growth factor stimulation and the formation of protrusions ([@bib13]). The TUBA polypeptide is the component of microtubule subunits ([@bib38]). Syntaxin 18 can regulate the specific and direct fusion of endoplasmic reticulum, plasma or phagosomal membranes ([@bib12]). In this study, leucine treatment could increase the expressions of Arp2/3, RhoD, cofilin, TUBA and Stx18 in IPEC-J2 cells, which would strengthen the phagocytosis via regulating phagosome formation and actin stabilization. In addition, the phagocytosis plays an important role for the host defense to pathogens ([@bib10]). Thus, our previous study demonstrated that dietary leucine supplementation alleviated the rotavirus-induced diarrhea in piglets ([@bib21]), which could be related to the improvement of phagocytosis in gut epithelial cells.

5. Conclusions {#sec5}
==============

In summary, based on the proteome analysis (iTRAQ), the expressions of 101 proteins were regulated by leucine treatment in IPEC-J2 cells. Some of these proteins in IPEC-J2 cells were related with some physiological functions. Besides protein metabolism, cell proliferation and apoptosis that have been reported in recent studies, we also found that leucine treatment could regulate glycolysis and phagocytosis. These verified the results of our previous study in piglets ([@bib21]). In addition, with the porcine model being one of the best models for studying human gastrointestinal function ([@bib26], [@bib44]), our findings will also be able to further reveal the possible function of leucine on gut health in human.
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